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Introduction
Freshwater habitats are thought to have discrete boundaries (Poff 1997; Bohonak & Jenkins 2003) , and yet many limnic microinvertebrates have reportedly wide geographical distributions in spite of habitat isolation (Gómez et al. 2000; Page & Hughes 2007) . Species that maintain broad distributions may be expected to possess high dispersal capabilities, and indeed many species of zooplankton and other freshwater invertebrates share life-history characteristics that would promote rapid dispersal (Havel & Shurin 2004) . For instance, a wide variety reproduce asexually, thus allowing a local population to be founded by a single individual only (Bell 1982) , or are able to form dormant eggs that provide a long-term egg bank and can resist adverse conditions of overland transport (Mellors 1975; Dodson & Frey 2001; De Meester et al. 2002) .
However, re-examination of taxa using molecular tools revealed many instances where local populations of freshwater invertebrates are actually genetically divergent (Pfenninger & Schwenk 2007) . Many nominal species traditionally seen as cosmopolitan are now recognized as assemblages of morphologically similar or identical cryptic species that are more regionally restricted (reviewed by Bickford et al. 2007) . It is becoming increasingly evident that species boundaries cannot be determined based on morphology alone; analysis of molecular data is essential.
The utility of DNA sequence data to uncover cryptic lineages and delineate species of micrometazoans has been demonstrated by numerous studies (e.g. Casu trees generated from the ML analyses of the individual CO1 and ITS sequences and from the three-gene concatenated dataset. Additionally, to ensure that results were not influenced by an imbalance of the number of specimens in any given clade, all tests were re-run up to three times with the input tree pruned so that each clade included a maximum of five randomly selected sequences. As recommended, outgroups were not included in the analysis.
Genetic Diversity
For ITS sequences, a median-joining (MJ) haplotype network (Bandelt et al. 1999 ) was generated with Network 5.001 (www.fluxus-engineering.com). For different groupings of M. lineare specimens, number of polymorphic sites (S), number of parsimony informative sites (p), number of haplotypes (h), haplotype diversity (Hd), and nucleotide diversity (π) were calculated in DnaSP (Librado & Rozas 2009 ), while Tajima's D were calculated to examine deviations from neutrality. Genetic distances within and among groupings were estimated using the Kimura-two-parameter (K2P) model (Kimura 1980) in Mega 7.02.
Arlequin 3.5222 (Excoffier &Lischer 2010) was used to estimate the degree of differentiation between geographic locations using the pairwise fixation index (Fst). Isolation by distance (IBD) was tested for specimens collected from Europe using a Mantel test with 1000 iterations. The correlation between pairwise genetic distance (Fst) and geographic distances was determined with geographic distances approximated as the shortest straight-line distance between sites in km (Table S3 ).
Finally, a hierarchical analysis of molecular variance (AMOVA) was performed in Arlequin 3.5222 (Excoffier & Lischer 2010) and used to evaluate hypothesized patterns of spatial genetic structure. Specimens were separated into three different groupings: (1) by country; (2) specimens in Europe vs. USA; and (3) by lineage according to ML analyses (Fig. 2 ).
Results
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Alignments and DNA taxonomy Alignment of the ITS sequences resulted in a 1064 bp long matrix. The lengths of ITS1, 5.8S and ITS2 ranged from 539-552 bp, 158 bp and 339-341 bp, respectively, and required the insertion of 11 gaps (1-2 bp long) in ITS1 and 2 gaps (1 bp long each) in ITS2. The final aligned sequence matrix included 105 variable sites (10.3%), of which 97 were parsimoniously informative.
The alignment of the CO1 sequences was 654 bp long and required the insertion of three gaps (3-12 bp long) to align the Microstomum specimens with the Myozonaria outgroups. Alignments of the 18S and three-gene concatenated datasets were 1608 and 3464 characters long, respectively.
Results of the ML analyses of the combined and individual genes were in general accordance. However, as expected, the ITS gene tree showed much better intra-specific resolution than either 18S or CO1. Figure 2 shows the results of the concatenated three-gene phylogeny, while all other trees are provided in Figs. S1-S3.
In all individual and combined ML analyses, specimens of the Microstomum lineare complex grouped together to form a monophyletic clade, and within the clade, three specimens from Massachusetts, USA formed a group with moderate (18S gene tree) or very high (ITS, CO1, combined) support (Figs. 2, S1-3). In all analyses except the 18S gene phylogeny, this clade was sister to a second group that included one specimen each from Stockholm, Sweden and Mustalahti, Finland.
Additionally, in the ITS gene tree and combined phylogeny, two specimens from Belgium separated to a third clade with very high support, which was sister to the fourth and final clade within the M. lineare complex that included specimens from across Sweden, Finland and Belgium. bPTP results were consistent across all analyses. In the individual and combined datasets with and without taxon pruning, M. lineare was divided into four species consistent with the four clades of the ML analyses with moderate (0.63) to high (0.98) support (Fig. 2) .
Genetic Diversity
Atherton 10 A total of 19 haplotypes were found for the M. lineare complex ITS sequences: 1 in each of 9 locations (DA, JA, L4, L2, L1, MA, SK, HA, TU) 2 in each of 3 locations (B, KE, GO); 3 in 1 location (SÖ); 5 in 2 locations (L3, VÄ); and 6 in 1 location (ÅN). The dominant haplotype (Hap1) was shared by 37 of 94 (39.4%) specimens and occurred in 13 of 16 (81.3%) locations, while each of 11 haplotypes were specific to a single specimen, and 15 haplotypes to a single location. The remaining 7 haplotypes were shared by 2 to 14 (2.1-14.9%) specimens and 2 (12.5%) locations (Table 1) .
Pairwise comparisons of different collection locations using the Kimura 2parameter model of sequence evolution found that ITS sequence divergence ranged from 0 to 0.087 (Table S4 ). The maximum of 8.7% divergence (88 character changes) occurred between a specimen from Mustalahati, Finland (KE) and
Mariestadssjön, Sweden (VÄ), followed by a 7.8% divergence (78 character changes) between two specimens from Massachusetts, USA (MA) and three specimens collected from Norr-Svergoträsket, Sweden (L3). Genetic distances ranged from 0 to 0.037 within locations and from 0 to 0.086 between locations, with the overall highest variations found within KE and between L1 and MA (Table S4 ). The AMOVA tests found that most of the genetic variation (95.8%) could be explained by variation between inferred ML lineages ( Table 2) . When specimens from the USA (MA) were separated from the remaining European specimens, between-group variation accounted for 90.1% of the genetic variation, while when the specimens were separated by country, between-group variation accounted for only 63.5%. There was no evidence of isolation by distance (IBD) among European samples (Mantel test; R=0.098 P=0.252). Table 3 lists the diversity and neutrality indices for ITS sequences of the different groupings of the M. lineare complex. Overall, the group inclusive of all studied specimens had a haplotype diversity (hd) index of 0.800 and a nucleotide diversity (π) of 0.01076. When separated by lineage following the ML and network analyses, the largest clade (90 specimens) show hd and π values of 0.767 and 0.00286, respectively. Tajima's D showed significantly negative results, indicative of population expansion or bottleneck, when all specimens were included in the analysis as well as in the Sweden, Finland, Sweden+Finland and Europe subgroupings.
Taxonomy
Order Macrostomida Karling, 1940 Family Microstomidae Luther, 1907 Genus Microstomum Schmidt, 1848
Microstomum lineare (Müller, 1773) Two red stripes present in some individuals at dorso-anterior end. Amount of pigmentation variable, from two bright bands to absent ( Fig. S4 ). Some individuals may have two additional faint red pigment stripes ventro-anteriorly ( Fig. S4D ). Red eye pigmentation may also be present dorsolaterally at the anterior margins of well-developed zooids ( Fig. S4F ).
Mouth, pharynx, intestine as typical for the genus. Preoral gut present to level of brain. Intestine often with animal food, notably nematodes, cladocerans, ostracods and chironomid larvae ( Fig. S6 ).
Nematocysts present throughout the body. 1960). The wide ranges of morphological variation combined with a general paucity of morphological features makes defining significant morphological differences between species of the M. lineare complex difficult. The ranges of body size, shape and coloration of all species overlapped with each other and with previous descriptions of M. lineare (Fig. 4) . Similarly, sensory bristles, cilia, ciliary pits, and digestive system with preoral gut were present and consistent across species and with previous records.
We recorded some morphological differences between the new species, e.g.
the extent of nematocysts in the body, the number of zooids and the eyespot pigmentation, although it appears that each of the new species was within the normal range for the highly variable M. lineare (see, for instance, Fig. S4 ). The morphological diversity of M. lineare implies there may be a similar degree of variation also within the three new species. However, too few individuals were collected of each species to provide an accurate measurement of their morphological variability at this time.
Discussion
Cryptic lineages
Our results split Microstomum lineare into four divergent clades in all analyses except in the 18S gene phylogeny. However, 18S has been shown to be an inappropriate molecular marker for distinguishing closely related meiofaunal species because it greatly underestimates species diversity even when compared to estimates based on morphology (Tang et al. 2012) . Taken with results from bPTP tests, our analyses indicate that the four lineages are separate cryptic species.
An additional 18S sequence from a specimen identified as M. lineare was downloaded from GenBank, and it differed from the 18S sequences of all other M. lineare specimens by approximately 1% (12-15 bp) and may therefore represent an additional cryptic species. This specimen (Genbank Accession D85092) was reportedly collected from Okayama, Japan (Katayama et al. 1996) . However as no other information on the morphology, ecology or other DNA loci is currently available, we refrain from further formal separation at this time.
Genetic Diversity
Unsurprisingly, genetic structuring was most evident with the separation of the three specimens collected from Massachusetts, USA (Microstomum zicklerorum sp. n.) from the European specimens. The Massachusetts specimens formed a reciprocally monophyletic clade in all ML analyses including the 18S gene phylogeny (Figs. 2, S1-3), and ITS sequences showed Fst values at or very near 1.0 between the three specimens and all other M. lineare complex groupings (Table S3 ). The separation of this clade is expected given that large marine waters such as the Atlantic Ocean should constitute an unbridgeable biogeographic barrier for the majority of freshwater free-living flatworms (Artois et al. 2011).
However, the remaining three lineages represented in Europe had very little geographic structuring. We found that M. lineare collected from very distant locations could nevertheless be genetically similar or identical. Our results showed generally low pairwise Fst indicative of high gene flow between locations across Sweden, Finland and Belgium (Table S3 ), and the majority of specimens collected from such locations formed a single clade with very low gene diversity (Figs. 2, S1-3). Indeed, the most common haplotype (Hap1) occurred in specimens collected from locations as distant as Buresjön in northern Sweden and Hoge Kempen Park in Belgium (Table 1) , approximately 1800 km linear distance. The widespread haplotype distributions and lack of geographic structuring contrasts with genetic studies of other zooplankton species (e.g. bryozoans, Nikulina et al. 2007;  cladocerans, Petrusek et al. 2004 , Xu et al. 2009 rotifers, Fontaneto et al. 2008 ) and strongly suggest that M. lineare possesses higher dispersal abilities than previously believed.
M. lineare may be particularly well-suited to rapid dispersal due to certain life-history characteristics such as their overall small body size, ability to survive a relatively wide range of environments (Karling 1974) and the production of However, unlike our results with M. lineare, there were significant genetic distances detected between specimens of S. leucops from mainland Sweden and the Swedish island of Gotland, which likely can be explained by differences in the salinity tolerances of the two species. M. lineare, being able to inhabit waters with salinity to 8‰ (Karling 1974), occurs commonly in the brackish waters of the Baltic Sea and may be able to freely move between Gotland and the rest of the country. S. leucops is a limnic species only or with salinity tolerances to 2‰ (Luther 1960), and the Baltic sea should thus act as a barrier to gene flow. From this, it might also be speculated that while M. lineare can cross the Baltic sea to mainland Europe, as demonstrated by the shared Belgium-Scandinavian haplotype, S. leucops is likely more restricted.
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Microstomum lineare is the most common and widespread species of Microstomum, which has lead to it being a type of model organism for the genus. The presence of multiple distinct but cryptic lineages in single locations, such as was found in Mustalahti, Finland, Stockholm, Sweden and Hoge Kempen Park in Belgium, implies that more cryptic lineages may be present in other locations as well and may have larger implications for the current knowledge of Microstomum. Research on a wide variety of topics, including reproduction (Reuter & Kuusisto 1992; Fairweather & Skuce 1995; Gustafsson et al. 1995) , regeneration (e.g. Reuter & Palmberg 1989; Palmberg 1986 Palmberg , 1991 Reuter & Kreshchenko 2004) , life cycle and ecology (Bauchhenss 1971; Heitkamp 1982) and nervous and sensory systems (e.g. Palmberg et al 1980; Reuter et al. 1986 Reuter et al. , 2001 Wilkgren et al. 1986 ), has been performed on M. lineare collected from environmental samples over a period of weeks or, in some cases, years. The presence of multiple cryptic species in a single location means that without genetic testing, there is no guarantee that the collected specimens belonged to the same species, even if they had been collected simultaneously.
Taxonomy
Traditional taxonomy primarily bases species descriptions on morphological characters and thereby fails to capture the hidden biodiversity in cryptic lineages, yet there is no official requirement by the International Code of Zoological Nomenclature obligating taxonomists to use morphology as the primary data source. The questions of how much data is necessary for taxonomic descriptions and of which type seems to be continually discussed (DeSalle et al. 2005; Lipscomb et al. 2003; Jörger et al. 2012 Jörger et al. , 2013 Albano et al. 2011; Lim et al. 2012; Sauer et al. 2012; Fontaneto et al. 2015) , but the value of utilizing DNA data, specifically, to delimit and describe species has been well argued by previous authors (Jörger & Schrödl 2013; Leasi & Norenburg, 2014; Caron, 2013; ) .
For species such as Microstomum lineare, using DNA evidence to demark species is perhaps even more necessary. As noted in the introduction, the animals Atherton 20 have relatively few morphological characters on which to base descriptions and laboratory studies have demonstrated very wide amounts of morphological variation within individual lineages. M. lineare and species like it lack reproductive organs during periods of asexual reproduction. Moreover, sexual anatomy is known to change as the animals develop (e.g. male stylet changes shape, testes change in shape and number). DNA evidence is arguably more effective than traditional morphological methods in discerning species because it does not depend on environmental conditions or the maturity of the animal.
In order for DNA information to be fully useful to taxonomists, species must be formally described and named, not just delineated, as large numbers of unrecognized candidate species or OTUs leads to confusion and hinders the discovered taxa from being included in future research or conservation efforts (Jörger & Schrödl 2013) . This is particularly relevant when the number of metabarcoding-based studies is quickly growing. Formally described species with the relevant sequence data attached can be incorporated into reference databases and enhance the value of metabarcoding surveys. For this reason, we formally describe three new species, Microstomum artoisi sp. n., Microstomum tchaikovskyi sp. n., and Microstomum zicklerorum sp. n. based on our molecular species delineation results and also provide taxonomic sequence data for Microstomum lineare.
The diversity within the Microstomum lineare species complex revealed by molecular data was not morphologically evident. All specimens had body size, shape and coloration consistent with previous descriptions of M. lineare (Fig. 4) . While variation in the anterior red eye stripes was found between the different species, amount of eyespot pigmentation has been shown to likewise greatly vary even among individuals of the same lineage depending on light intensity (Bauchhenss 1971; Fig S3) . Similarly, all species included specimens with multiple zooids consistent with normal variation in the M. lineare species descriptions. Sensory bristles, cilia, ciliary pits, nematocysts, and digestive system (including preoral gut) were present and consistent across species and with previous records.
Reproductive organs that were morphologically congruous to previous M. lineare Atherton 21 descriptions were found in a few specimens only, all from the "main" M. lineare complex clade (Fig. S4) .
Microstomum lineare was originally described by Müller (1773) from an unknown location, and a type specimen was never designated. As Müller was from Copenhagen and much of his work centered on the fauna within and surrounding Denmark, Norway and northern Europe, the clade most widely distributed in this area is the likeliest candidate to include individuals from the original location. The M. lineare clade included specimens from all three of the European countries that were sampled and can be inferred to be widespread throughout northern Europe.
We therefore consider the specimens in this clade as M. lineare, but we refrained from officially designating a neotype as all specimens were destroyed in the process of DNA sequencing.
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